INTRODUCTION
Methane emission from ruminant production systems is a major source for atmospheric methane accumulation. In Northern Ireland, this source of emissions accounted for 41% of total greenhouse gas emissions from the agriculture industry (Thistlethwaite and MacCarthy, 2010) . Therefore, mitigation of methane emissions from ruminant animals is critical in the battle against global warming. There is increasing interest in the development of equations to predict total methane emissions from cattle production systems. These models have been developed from measured methane emissions and feed intake for adult cattle (Ellis et al., 2007; Yan et al., 2010) or from the back calculation of energy intake and the default methane emission factors (FAO, 2010; Aljaloud et al., 2011) . The latter was proposed by the Intergovernmental Panel on Climate Change (IPCC, 2006) as Tier 1 and Tier 2 methods for calculation of methane emission inventories for cattle. However, little information is available in the literature on measurements of enteric methane emissions in young stocks of dairy cattle. There is also a need to quantify energy requirement for the young stock, as the equations proposed by IPCC (2006) to calculate energy requirements were developed using the data of adult between inputs and outputs. The regression of energy balance or heat production against ME intake (r 2 = 0.85; P < 0.001) indicated a NE m of 0.57MJ/kg BW 0.75 , which is greater than reported for adult dairy cattle. The methane energy output was found to be 0.068 of GE intake when the intercept was omitted from the linear equation (r 2 = 0.73; P < 0.001), which is greater than the commonly accepted value (0.065) for adult cattle used for development of methane emission inventories for dairy and beef production systems. These data can add useful information, as there is little information available on measurements of maintenance energy requirement or methane emissions in young stock (6 mo old) of the current high-yielding dairy cattle. The use of these data can potentially improve the accuracy of prediction of energy requirement and methane emissions for dairy and beef production systems in these dietary conditions. cattle obtained some 30 yr ago. There is evidence that current high-yielding dairy cows have greater metabolic rates (Yan et al., 1997b) and require more energy for maintenance than their predecessors (Yan et al., 1997a; Kebreab et al., 2003) . The lack of such information for the young stock may impact the development of appropriate feeding regimes and the accuracy of methane emission inventories. In hypothesis, young dairy cattle may have a greater metabolic rate than adult dairy cows. Therefore, the objectives were to measure enteric methane emissions and energy use in young Holstein cattle and to use these data to quantify maintenance energy requirement and develop prediction equations for methane emissions.
MATERIALS AND METHODS
All animal procedures used in this study were conducted under experimental license from Department of Health, Social Services and Public Safety of Northern Ireland in accordance with the Animals Scientifi c Procedures Act (1986).
Animals, Experimental Design, and Diet
Ten Holstein steers and 10 Holstein heifers at age of 164 ± 9 d (BW = 158.4 ± 24.3 kg), selected from the autumn calved herd in 2011 at the Agri-Food and Biosciences Institute (Hillsborough, County Down, UK), were used in a single period (28 d) study. From the fi fth day after birth, they were offered a milk replacement and a concentrate supplement in a straw bedding house and weaned at age of 50 ± 10 d. Before the commencement of the study, the animals were paired for similar conditions in terms of age, BW, BW gain, and BCS within each pair between steers and heifers. They were housed as a single group in a cubicle accommodation for the fi rst 20 d and then transferred to metabolism units where animals were tied individually in stalls for 3 d before being housed in indirect open-circuit respiration calorimeter chambers for 5 d, with measurements of feed intake for all 5 d and feces and urine outputs and gaseous exchange during the fi nal 4 d of the respiration chamber period.
The animals were fed a single diet for ad libitum intake once daily at 0900 h during the whole experimental period. The diet offered was a typical ration used on U.K. commercial farms and prepared daily using a feed mixer with a targeted ratio of forage at 450 g/kg of DM (Table 1) . The amount of feed offered was adjusted based on the feed intake of the previous day to ensure a 10% of refusal.
To minimize the effects of variation in silage quality during the fi nal 8 d measurement period, enough silage material was removed from a single silo 2 d before the start of the measurement period. The silage was completely mixed and dispensed into plastic bags, and each bag contained enough silage for 1 pair of cattle for 3 d. All bags were then completely evacuated and stored in a cool area until use.
Measurements
The BW and BCS of the cattle were recorded on the fi rst day of the study and then immediately before chamber entry (d 1) and after chamber exit (d 5). Body condition of each cattle was assessed on a scale of 1 (very thin) to 5 (very fat) according to Mulvany (1977) .
Quantities of feed offered and refused were recorded daily for each animal, and samples of silage and refusals were retained daily during the fi nal 8 d for the measurement of DM content at 85°C for 24 h. During the fi nal 5 d when animals were housed in calorimeter chambers, the silage offered was sampled daily and stored at 5°C. Immediately after sampling on the fi nal day, the 5 samples of silage were completely mixed and then divided into 2 portions. One portion (500 g) was used for determination of GE, N, pH, VFA, and ammonia-N concentrations on a fresh basis. The other portion (500 g) was dried at 60°C for 72 h and milled (0.8-mm sieve size) for analysis of ADF, NDF, and ash. Concentrates were sampled weekly during the study and bulked for analysis of DM, GE, N, ADF, NDF, and ash concentrations.
Feces and urine outputs were recorded and sampled daily as a proportion (10%) of total excretion of feces (by weight) and urine (by volume) during the last 4 d in the Ash, % of DM 6.93 ± 0.3 1 Composition (g/kg): Ca, 180; P, 60; Mg, 50; Na, 50; Cu, 1.3; Zn, 6.0; Mn, 3.5; I, 0.06; Co, 0.032; Se, 0.02. Vitamin composition (IU/kg): vitamin A, 600,000; vitamin D 3 , 120,000; vitamin E, 1,300.
2 Composition (DM basis) of the grass silage: pH of 4.16; ammonia-N/total N 120 g/kg; DM content 186 g/kg; GE content 19.8 MJ/kg of DM and ash; CP, ADF, and NDF contents of 86, 127, 394, and 633g/kg of DM, respectively.
3 Corrected for loss of volatiles during oven drying.
respiration calorimeter chambers. To prevent loss of N as ammonia, urine was collected in containers containing 10 mL of sulfuric acid (10% H 2 SO 4 ). The feces and urine samples taken during the fi rst 3 d were stored at 4°C. Immediately after the last day of collection, all feces and urine samples were pooled within animals and thoroughly mixed and representative samples were taken for analysis. The urine samples were frozen for the later analysis of GE and N. The feces samples were divided into 2 portions. One portion (200 g) was used for measurement of N on fresh basis and the other portion was dried at 85°C for 72 h for measurement of DM and then milled (0.8-mm sieve size) for analysis of GE, ADF, NDF, and ash. Gross energy concentrations were determined in an isoperibol bomb calorimeter (Parr Instruments Co., Moline, IL; Porter, 1992) . Ammonia-N concentrations of silage samples were determined using methods described by Steen (1989) . Total N concentrations were analyzed on a fresh basis for samples of silage, feces and urine and on a DM basis for concentrate samples using a Tecator Kjeldahl Auto 1030 Analyzer (Foss Tecator AB, Höganäs, Sweden). The concentrations of NDF, ADF, and ash were determined using methods described by Cushnahan and Gordon (1995) . The concentrations of VFA were determined as described by Porter and Murray (2001) . Silage pH was determined using a Metrohm 670 Titroprocessor (Metrohm Ltd., Herisau, Switzerland) fi tted with an Orion Ross combination electrode (Metrohm Ltd.).
The calorimeters used in the present study were indirect open-circuit respiration chambers. The animals remained in the calorimeters for 5 d at the end of the study with measurement of gaseous exchange over the fi nal 96-h period. The calorimeter chambers were made of double glassed sides and insulated fenestrated panels mounted on a profi led fl oor, incorporating airlocks for entry and feeding. The total volume of 22 m 3 was ventilated by suction pumps set at 75 m 3 /h. Temperature and humidity control were achieved with air conditioning units set at 12 ± 1°C and 60 ± 10% relative humidity, respectively. The chambers were operated under negative pressure (5 Pa) and exhaust air removed at 3 positions for volume measurement and gas analysis. The chambers were calibrated for 3 times at the beginning, middle, and end of the present study by releasing a known quantity of pure CO 2 into the chambers. The purpose of the calibration was to ensure a recovery rate of released CO 2 at a range of 97 to 103%. All equipment, procedures, analytical methods, and calculations used in the calorimetric experiments were as reported by Gordon et al. (1995) .
Metabolizable energy was derived as the difference between GE intake and a sum of fecal energy, urine energy, and methane energy (CH 4 -E). Energy balance (EB) was calculated as the difference between GE intake and a sum of fecal energy, urine energy, CH 4 -E, and heat production (HP). Heat production (kJ/d) was determined based on measurements of O 2 consumption (L/d), CO 2 and CH 4 production (L/d), and urine N output (g/d) using the equation of Brouwer (1965) .
Statistical Analyses
All data were analyzed using 1-way ANOVA for evaluation of the effects of gender of the young stock (steers vs. heifers) on animal performance, methane emission, and the effi ciencies of use of N and energy. The linear regression technique was also used to develop relationships between EB or HP and ME intake and between methane output and feed and energy intake. Net energy requirement for maintenance (MJ/kg BW 0.75 ) was taken as the absolute value of constant in the linear regression of ME intake against EB. The statistical program used in the present study was Genstat (sixth edition; Lawes Agricultural Trust, Rothamsted, UK).
RESULTS

Animal Performance and Nutrient Digestibility
Animal performance and nutrient digestibility data are presented in Table 2 . There was no signifi cant difference (P > 0.05) in BW, BW gain, or BCS between heifers and steers. Although DM intake and OM intake values in heifers were greater than in steers, no signifi cant differences were determined. There were no differences (P > 0.05) in nutrient digestibilities of DM, OM, ADF, and NDF between heifers and steers.
Energy Use
Details of energy use are presented in Table 3 . Overall, there were no signifi cant differences in energy intake or outputs or the effi ciency of energy use between heifers and steers. Although heifers had numerically greater energy intake (GE, DE, and ME) and a less EB than steers, none of the differences were signifi cant (P > 0.05). The energy use effi ciencies were very similar between heifers and steers in terms of DE:GE, ME:GE, ME:DE, HP:ME, and EB:ME.
Enteric Methane Emissions
The enteric methane emission data are presented in Table 4 . Overall, there was no signifi cant difference (P > 0.05) between heifers and steers, in terms of methane emission (g/d), methane emission as per kilogram of feed intake [DM, OM, digestible DM (DDM), or digest-ible OM (DOM)], or CH 4 -E as a percentage of energy intake (GE, DE or ME).
Regression Analysis for Energy Use and Methane Emissions
Given that steers and heifers did not differ in feed intake, methane emission, or effi ciency of use of energy, data were pooled to develop a range of relationships between input and output data. These relationships are presented in Table 5 and Fig. 1 . All relationships were signifi cant (P < 0.001) and r 2 values ranged from 0.47 to 0.85. There was a relatively strong relationship between EB and ME intake and this relationship generated a NEm of 0.57MJ/kg BW0.75 for Holstein steers and heifers at age of 6 mo (Fig. 1 ). There were relatively strong relationships between methane emission with DM intake (Eq. [1]: r 2 = 0.68; SE = 7.22; Table 5 ). These relationships produced a methane emission rate of 23.5, 25.3, 29.6, or 31.9 g associated with 1 kg intake of DM, OM, digestible DM, or digestible OM when the constant was omitted from the relationship. Similar relationships were also obtained when CH4-E was related to GE intake, DE intake, and ME intake (Eq.
[5], [6] , and [7] , respectively; Table 5 ). The CH4-E was respectively 0.068, 0.087, and 0.099 of GE intake, DE intake, and ME intake, respectively, when the constants were omitted from the above equations.
DISCUSSION
Energy Use
The NE m value in energy feeding systems presently used in Europe and North America was derived from calorimetric data. It is commonly accepted that the NE m is a sum of fasting metabolism and activity allowance (ARC, 1980) . In the U.K. ME system, the fasting metabolism is based on fasting HP of beef steers and dry nonpregnant dairy cows after a prolonged period of restricted feeding (usually at maintenance level). Using this approach, the Agricultural Research Council (ARC, 1980) INRA (1989) were derived from calorimeter data of lactating dairy cows offered diets at production levels. However, those 3 NE m values are much less than that of 0.57MJ/kg BW 0.75 obtained by regression analysis in the present study (Fig.  1) . The discrepancy may be attributed to the different cattle used in the present study. The cattle used in the present study were younger (6 mo old) whereas those used in INRA (1989) and NRC (1988) for development of energy feeding systems were lactating cows and in ARC (1980) the majority of animals were adult cattle. There is evidence indicating that young cattle may have greater metabolic rates than adult cattle. As ARC (1980) reported, adult animals can use as much as 85 to 95% of energy retention for fat synthesis, but this proportion in some young animals can be reduced to as little as 50% of retained energy. The effi ciency of ME use with which young simple-stomached species or infant ruminants deposit fat is about 0.70, but the effi ciency for protein deposition is much less, about 0.45 (ARC, 1980) . NRC (1998) reported an asymptotic relationship between DE intake and BW in growing-fi nishing pigs with BW from 15 to 110 kg, which indicates that the requirement of DE per kg BW 0.75 decreases with an increase in BW. On the other hand, the greater energy requirement for the protein synthesis in young cattle can obviously result in a greater proportion of protein content in the bodies of young cattle than adult cattle. The energy cost of maintaining body protein would be expected (on stoichiometric grounds) to exceed that of fat, even if their rates of turnover were similar (Oldham and Emmans, 1990) . Maintenance metabolic rate depends on body lean mass rather than whole BW . Moreover, young cattle require more nutrients for development of internal organs and skeleton and they generally have a greater proportion of internal organs over total BW than heavy adult animals (NRC, 1988) . Liver and other internal organs can produce much more heat (MJ/kg) than muscle (Baldwin et al., 1985; Johnson et al., 1990) . Therefore, young cattle should have a greater metabolic rate and require more energy for maintenance per kilogram metabolic body size than their adult counterparts.
The results obtained in the present study indicate that the use of current energy feeding systems to ration young stocks of high-yielding dairy herds may not meet their energy requirement. The young stocks may need more energy to support greater maintenance metabolic rates in their internal tissues and organs and lay the foundation for growth. These data add new information to the scientifi c literature, as there was little previous information on the maintenance metabolic rate of young cattle at 6 mo age in the current high-yielding dairy herds. However, further research may need to examine effects of different diet factors and feeding regimens on the metabolic rates of young Holstein cattle, such as feeding levels, dietary forage proportion, and forage types, as these factors have been demonstrated to infl uence the energetic effi ciency in adult dairy cattle . Therefore, the present maintenance energy requirement should be evaluated using independent data before adopted for rationing young stock of Holstein cattle.
Methane Emissions
The IPCC (2006) recommends a proportion of 0.065 ± 0.01 for CH 4 -E over GE intake to develop methane emission inventories for enteric fermentation in dairy cattle, beef cattle, and buffaloes. However, methane emissions from cattle can vary signifi cantly with different production levels and dietary chemical composition (Yan et al., 2010) . Methane synthesis in the rumen of ruminant animals requires H 2 , which is associated with production of acetic and butyric acids, and in general fermentation of high forage diets can result in a greater molar proportion of acetic acid than those obtained with high concentrate diets (Ørskov and Ryle, 1990) . Kirkpatrick et al. (1997) reported a signifi cantly greater CH 4 -E:GE intake with beef cattle offered diets with a high rather than a low proportion of grass silages at both low and high feeding levels. The ratios of CH 4 -E:GE intake of lactating dairy cows were found to reduce linearly with increasing proportions of concentrates (Flatt et al., 1969; Ferris et al., 1999) . Johnson and Johnson (1995) noted a very low rate of CH 4 -E:GE intake (0.02) in several cases when 2 The fi gures in parentheses are SE of the coeffi cients. DM intake, OM intake, digestible DM intake, and digestible OM intake are measured in kilograms per day. GE intake, DE intake, and ME intake are measured in megajoules per day. (Moe and Tyrrell, 1979) and from 0.037 to 0.101 in 247 Holstein-Friesian cows in the United Kingdom . The CH 4 -E:GE intake obtained in the present study (0.061 to 0.078) is within the mid ranges of these 2 studies. The average ratio of CH 4 -E:GE intake (0.068) obtained in the present study is greater than that of 0.056 (0.038 to 0.074) reported by Kebreab et al. (2008) in dairy cows and 0.065 ± 0.01 reported by IPCC (2006) for use in cattle. The average methane emission per kilogram DM intake in the present study was 23.5 g/kg, which is greater than that reported for lactating dairy cows ranged from 20.4 to 22.9 g/kg (Moe and Tyrrell, 1979; Mills et al., 2003; Ellis et al., 2007) .
A number of previous studies have demonstrated that methane emission (g/d) from enteric fermentation is highly correlated with feed intake and a range of prediction equations for methane or CH 4 -E emission using DM intake (kg/d) and ME or GE intake (MJ/d) as a primary predictor in lactating dairy and beef cattle have been published Mills et al., 2003; Ellis et al., 2007) . Yan et al. (2009) found that the relationship between methane emission and BW was poor when compared with DM intake or GE intake (r 2 = 0.26 vs. 0.72 or 0.74) from 108 growing-to-fi nishing beef steers. Ellis et al. (2007) developed a range of prediction equations from a combined database in beef and dairy cattle using DM intake or ME intake as primary predictors for methane emission and found that the r 2 values with DM intake were greater than ME intake (0.68 vs. 0.60). The results obtained in the present study agree with previous publications that DM intake (kg/d) and GE intake (MJ/d) are better predictors for enteric methane emissions than ME intake (r 2 = 0.68 and 0.73 vs. 0.47).
There is little information available in the literature on methane emissions for the young stock (6 mo old) of current high-yielding dairy herds. The results from the present study can be used to fi ll the gap of the knowledge although more information is required for different feeding regimens and management systems. Our fi ndings suggest that use of the default methane emission factors of IPCC (2006) to develop methane emission inventories for the young stock of high yield dairy herds may cause errors.
Conclusions
The present study obtained a range of calorimeter data for young Holstein cattle (6 mo of age) offered a typical U.K. commercial diet. There was no signifi cant effect of gender (steers vs. heifers) on the effi ciency of energy use or enteric methane emissions. The regression of EB or HP against ME intake indicated a NE m of 0.57MJ/kg BW 0.75 . Linear regression analysis on pooled data found that CH 4 -E was 0.068 of GE intake. These data can add useful information and can be used to develop appropriate feeding regimens and methane emission inventories for young stocks of current highyielding dairy herds. Figure 1 . The relationship between energy balance (EB) and ME intake (n = 20)
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